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ARTICLE INFO ABSTRACT
Handling Editor: Professor A.G. Marangoni Understanding the evolutionary dynamics of foodborne pathogens throughout host-associated habitats is of
utmost importance. Bacterial pan-genomes, as dynamic entities, are strongly influenced by ecological lifestyles.
Keywords: As a phenotypically diverse species in the Bacillus cereus group, Bacillus paranthracis is recognized as an emerging
Bacillus paranthracis foodborne pathogen and a probiotic simultaneously. This poorly understood species is a suitable study model for
FAZZ(:)I::;EE pathogen adaptive pan-genome evolution. In this study, we determined the biogeographic distribution, abundance, genetic
Evolutionary dynamics diversity, and genotypic profiles of key genetic elements of B. paranthracis. Metagenomic read recruitment an-
Gene loss alyses demonstrated that B. paranthracis members are globally distributed and abundant in host-associated

Emerging antimicrobial resistance habitats. A high-quality pan-genome of B. paranthracis was subsequently constructed to analyze the evolu-
tionary dynamics involved in ecological adaptation comprehensively. The open pan-genome indicated a flexible
gene repertoire with extensive genetic diversity. Significant divergences in the phylogenetic relationships,
functional enrichment, and degree of selective pressure between the different components demonstrated
different evolutionary dynamics between the core and accessory genomes driven by ecological forces. Purifying
selection and gene loss are the main signatures of evolutionary dynamics in B. paranthracis pan-genome. The
plasticity of the accessory genome is characterized by horizontal gene transfer (HGT), massive gene losses, and
weak purifying or positive selection, which might contribute to niche-specific adaptation. In contrast, although
the core genome dominantly undergoes purifying selection, its association with HGT and positively selected
mutations indicates its potential role in ecological diversification. Furthermore, host fitness-related dynamics are
characterized by the loss of secondary metabolite biosynthesis gene clusters (BGCs) and CAZyme-encoding genes
and the acquisition of antimicrobial resistance (AMR) and virulence genes via HGT. This study offers a case study
of pan-genome evolution to investigate the ecological adaptations reflected by biogeographical characteristics,
thereby advancing the understanding of intraspecific diversity and evolutionary dynamics of foodborne
pathogens.
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1. Introduction

Bacteria, which live in widely diverse niches, have adapted to
various ecosystems in parallel with their genetic evolution, leading to
extraordinary genomic and phenotypic diversification (Boutte and
Crosson, 2013)(Anani et al., 2020). Microorganisms existing in many
habitats are considered generalists, whereas those restricted to a single
environment are specialists (Thomas et al., 2016)(Malard et al., 2019).
The concept of the bacterial pan-genome, which represents the entire
gene set across all strains of a species, was first proposed in 2005
(Tettelin et al., 2005). Ecological selection pressures drive the adaptive
evolution of the pan-genome through gene gain and loss. Adaptive gene
gains via horizontal gene transfer (HGT) generate significant evolu-
tionary novelty (Arnold et al., 2022)(Power et al., 2021), whereas gene
losses have been observed to arise as specific adaptations to the sym-
biotic lifestyle (Pande et al., 2014). As a result, there is remarkable
variation in the gene content of individual genomes, resulting in fasci-
nating genetic differences in their pan-genomes. These differences,
which are crucial for adaptive differentiation within bacterial species,
are reflected in various features of the pan-genome (Maistrenko et al.,
2020)(Hartmann and Croll, 2017), including its state (open versus
closed), the size of each component, and the functional enrichment of
components.

The rapid increase in genome data has spurred a corresponding rise
in efforts to understand the mechanistic, ecological, and evolutionary
forces that shape bacterial pan-genomes (Brockhurst et al., 2019).
Currently, pan-genome analysis, as a whole, suffers from several known
issues, including limited data, genomic fragmentation, incompleteness
and contamination, and confounding and redundant (high similarity)
strains. These issues can lead to biases and errors in the results of
pan-genome analysis and further mislead the downstream analysis. The
inclusion of fragmented and incomplete genomes leads to significant
core gene loss, and contaminated sequences significantly affect the
identification of accessory genes (Li and Yin, 2022). Confounding strains
can adversely affect the identification of core genes, and highly similar
strains can skew the results of pan-genome diversity and the identifi-
cation of strain-specific genes (Wu et al., 2021)(Yang and Gao, 2022).
Therefore, constructing a high-quality pan-genome on the basis of a
representative dataset enhances analysis efficiency and ultimately con-
tributes to a deeper understanding of the evolutionary dynamics of a
bacterial species (Wu et al., 2022).

The Bacillus cereus group, more broadly known as B. cereus sensu lato
(s.1.), is a species complex of environmentally ubiquitous spore-forming
gram-positive bacteria (Y. Liu et al., 2017). It comprises at least 21
closely related proposed species/genomospecies, ranging from patho-
gens to probiotics (Carroll et al., 2022)(Carroll et al., 2020), including
the bioterrorism agent B. anthracis, the foodborne pathogen B. cereus,
and the biopesticide B. thuringiensis. The B. cereus group is a suitable
study model for microbial evolutionary ecology because it has adapted
and radiated to exploit environmental niches (Raymond and Bonsall,
2013). However, information on the adaptive evolution of the
pan-genome among species within the B. cereus group is limited. Bacillus
paranthracis, a representative species in the B. cereus group, was first
described in 2017 (Y. Liu et al., 2017). This species is recognized as an
emerging opportunistic human pathogen (Matson et al., 2020)(Carroll
et al., 2019), a plant growth-promoting bacteria, and a probiotic
(Bukharin et al., 2019) simultaneously. Members of this species have
been isolated from various environments, including human samples,
soil, and the rhizosphere. The diverse lifestyles and predictable genetic
diversity of this species make it suitable for analyzing the link between
pan-genome evolution and host-associated adaptation.

To date, owing to the limited studies on B. paranthracis, very little
molecular data on this species have been presented. Consequently, we
performed a case study to understand intraspecific diversity and
evolutionary dynamics in B. paranthracis driven by ecological adaptation
through high-quality pan-genome analysis. As of May 2023, more than
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150 B. paranthracis genomes are available in the National Center for
Biotechnology Information (NCBI) GenBank database. However,
because the taxonomic classification of the B. cereus group is notoriously
convoluted, many Bacillus sp. genomes have not been assigned to
species-level taxonomic units. The EzBioCloud database has deposited
more than 130 additional whole-genome assemblies identified as
B. paranthracis (Yoon et al., 2017). Owing to these nearly 300 genomes,
in-depth studies of B. paranthracis based on a high-quality pan-genome
are now possible. Here, by combining pan-genome and comparative
genomic analyses, we aim to expand our understanding of bacterial
pan-genome evolution driven by ecological adaptation. Metagenomic
read recruitment analyses were performed to explore the biogeograph-
ical characteristics of B. paranthracis. To further our understanding of
the evolutionary dynamics of the pan-genome, we comparatively
analyzed the functional enrichment and selective pressure of the core
genome and accessory genomes. Genomic plasticity was assessed
through analysis of HGT and gene gain and loss. We also investigated the
genetic basis of key properties within the pan-genome, such as second-
ary metabolism, carbohydrate-active enzymes (CAZymes), and geno-
typic and phenotypic profiles related to virulence and antimicrobial
resistance (AMR), to elucidate the mechanisms of ecological adaptation
in B. paranthracis.

2. Materials and methods
2.1. Biogeographic distribution analysis of B. paranthracis

We queried the representative 16S rRNA sequence of B. paranthracis
(accession: KJ812420; 1509 bp) against 500,048 Sequence Read Ar-
chives (SRAs) (accessed on Jun. 7, 2023) via the Integrated Microbial
Next Generation Sequencing (IMNGS) platform (Lagkouvardos et al.,
2016) with a minimum DNA size of 200 bp and a threshold of 99%. An
SRA sample was included in our study if it contained at least three reads
that mapped to the query 16S rRNA sequence (Table S1).

2.2. Genome collection and filtering

A comprehensive search for B. paranthracis genomes were obtained
from the taxonomically united genome database in EzBioCloud (Yoon
et al., 2017) and NCBI GenBank. The taxonomic framework and species
members of the B. cereus group are described in Laura’s review (Carroll
et al., 2022). All Bacillus sp. genomes were downloaded from the NCBI
GenBank database, which was accessed in May. 2023. Detailed infor-
mation on each genome is listed in Table S2. The initial collection
encompassed 290 genomes, comprising 269 B. paranthracis genomes and
21 reference genomes representing other species within the B. cereus
group. The quality assessment of these genomes was conducted via
CheckM v1.0.13 (Parks et al., 2015). We subsequently excluded ge-
nomes with an excessive number of contigs (>300), less than 95%
completeness, or more than 10% contamination. Following these strin-
gent filters, our final collection consisted of 242 B. paranthracis genomes
(Table S3), complemented by 21 reference genomes of closely related
species. To ensure unified gene finding and reannotation, we utilized
Prokka v1.14.5 software (Seemann, 2014) for all the genomes in our
collection.

2.3. Pan-genome analysis

Orthologous groups of protein families within the pan-genome were
delimited via the OrthoFinder2 software with the DIAMOND method
(Emms and Kelly, 2015)(Buchfink et al., 2015). Curve fitting for the
pan-genome was conducted via power-law regression in accordance
with Heap’s law (n = xN") (Tettelin et al., 2008; Heaps, 1978), where N
is the number of genomes, « is the proportionality constant, and the
growth exponent y > 0 suggests an open pan-genome.
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2.4. Phylogenetic analysis

The phylogenetic analysis of the core genome was conducted via
single nucleotide polymorphisms (SNPs) across single-copy core gene
families, as extracted from the OrthoFinder output files. The nucleotide
sequences of these gene families were extracted based on their protein
accession numbers and aligned via MAFFT v7.508 software (Katoh and
Standley, 2013). To avoid phylogenetic confusion, we identified and
excluded putative recombination regions from the SNPs via Clonal-
FrameML v1.12 software (Didelot and Wilson, 2015). Finally, the
maximum likelihood (ML) tree was constructed via MEGA 11 (Tamura
et al., 2021) with the general time reversible (GTR) model and 100
bootstrap replicates.

Using this Manhattan distance matrix based on the binary presence
or absence of each pan-genome gene family within the individual ge-
nomes, we constructed a pan-genome tree with MEGA 11, employing the
neighbor-joining (NJ) method (Tamura et al., 2021). To assess the
congruence between the core and pan-genome trees, we calculated the
normalized Robinso-Foulds (nRF) scores via TreeCmp (Bogdanowicz
et al., 2012). A comparative analysis of these two trees was conducted
via the Dendroscope 3 program (Huson and Scornavacca, 2012). Addi-
tionally, a binary matrix representing the presence or absence of each
pan-genome gene family across all the genomes was generated for
constructing a network phylogeny using the Neighbor-Net algorithm
implemented in SplitsTree5 software (Bagci et al., 2021).

2.5. Population structure analysis

The population genetic structure of B. paranthracis was inferred via
STRUCTURE 2.3.4 (Falush et al., 2007) based on SNPs derived from
single-copy core gene families, employing 20,000 burn-in cycles, 20,000
sampling MCMC cycles, K values ranging from 2 to 12, and five inde-
pendent replicates. The optimal K value, indicative of the most likely
number of genetic clusters, was identified via STRUCTURE Harvester
(Earl and vonHoldt, 2012).

2.6. Comparative genomic analysis

The average nucleotide identities (ANI) were calculated via fastANI
v2.0 (Jain et al., 2018). Gene clusters associated with secondary meta-
bolism were identified and characterized via antiSMASH 6.1.1 (Medema
et al.,, 2011) with the default parameters. Homology analysis of these
biosynthetic gene clusters (BGCs) was conducted via BiG-SCAPE v1.1.5
software (Navarro-Munoz et al., 2020). CAZyme-coding genes were
identified through a search of the dbCAN2 database (H. Zhang et al.,
2018) with HMMER (Finn et al., 2011). The functional annotation of
pan-genome gene families was performed based on the Clusters of
Orthologous Groups (COG) categories (Galperin et al., 2015) via
eggNOG-mapper 2.1.9 software (Huerta-Cepas et al., 2017). AMR and
virulence genes were detected with Abricate v1.0.1 (https://github.co
m/tseemann/abricate), utilizing the CARD database and Virulence
Factors Database (VFDB) (Alcock et al., 2020)(B. Liu et al., 2022).
Plasmid nucleotide sequences were distinguished from assembled con-
tigs or scaffolds via the GPU Docker image-based deeplasmid
(Andreopoulos et al., 2022). Virulence factors were also identified by
aligning all protein sequences with BLASTp against the Pathogen Host
Interactions database (PHI-base 5.0 with an E-value cutoff < le-6, an
identity >60%, and a coverage >60%) and BTyper 3.0 (Urban et al.,
2020)(Carroll et al., 2020). Macromolecular system detection was car-
ried out via MacSyFinder v2 (Touchon et al., 2014) and TXSScan v1.1.1
(Abby and Rocha, 2017). The gene family gains and losses at each node
and branch within the 80 B. paranthracis genomes were inferred via
CAFE 5 (Mendes et al., 2021) with default parameters. HGTector v2.0
(Zhu et al., 2014) with the database 2021-11-21 was used to identify
potential horizontally transferred genes, employing the B. cereus group
(Rank: species group; Taxon ID: 86661) and Bacillus (Rank: genus; Taxon
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ID: 1386) as the self-group and close-group, respectively.
2.7. Selection pressure analysis

Selection pressure in coding regions is estimated by calculating the
ratio of the nonsynonymous to the synonymous substitution rates,
denoted as dN/dS. ParaAT 2.0 software was used for codon-based
alignment of orthologous genes (Z. Zhang et al., 2012). The Fast Un-
constrained Bayesian Approximation (FUBAR) pipeline (Murrell et al.,
2013) integrated within HYPHY v2.5.42 software was subsequently
employed to calculate the dN/dS values across each site within the
orthologous gene families.

3. Results and discussion

3.1. Biogeographic distribution and abundance profiles indicate that B.
paranthracis is a generalist species with diverse habitats, thriving in host-
associated habitats

To explore the biogeographical distribution of B. paranthracis, we
searched the representative 16S rRNA sequence (accession: KJ812420)
against 500,048 public SRA datasets via the IMNGS platform, accessed
on 7 Jun 2023 (Lagkouvardos et al., 2016). We identified 29,759
amplicon samples matching the B. paranthracis 16S rRNA sequence by at
least three reads matching, which were distributed across 14 habitat
categories as detailed in Table S1. Mapping of these samples revealed a
widespread distribution of B. paranthracis (Fig. 1A). Significant associ-
ations were observed with samples from “Terrestrial” (n = 9832;
33.0%), “Plants” (n = 5970; 20.1%), “Human” (n = 4098; 13.8%),
“Mammals” (n = 3929; 13.2%), and “Aquatic” (n = 2932; 9.85%) hab-
itats (Fig. 1B). This pattern suggests that B. paranthracis has been iso-
lated from a wide range of environments, spanning both host-associated
and non-host associated habitats. Moreover, the strains included in our
genome dataset were sourced from a variety of samples, including soil,
food, plant, sediment, sewage, seawater, and human sampples
(Table S3). Meijenfeldt et al. recently defined the social niche breadth
(SNB) score as a quantitative measure of the microbial niche range (von
Meijenfeldt et al., 2023). According to this study, the genus Bacillus
qualifies as a social generalist with a high SNB score of 0.448, which is
evident in its prevalence across 4974 out of 22,518 samples (von Mei-
jenfeldt et al., 2023). Consequently, B. paranthracis can be considered a
niche generalist.

The distribution of B. paranthracis varies significantly across different
habitats. B. paranthracis presented a relatively high average relative
abundance in samples associated with the “Mammals” (1.512 +
5.556%) and “Human” (0.899 + 5.568%) habitats, in contrast to the
relatively low average relative abundance found in the “Aquatic” (0.436
+ 2.614%) and “Plants” (0.496 + 3.051%) habitats (Fig. 1C). The
“Terrestrial”-associated samples presented an average relative abun-
dance of B. paranthracis of 0.630 + 3.816%. We further screened 2464
samples with high abundances that presented >1% relative abundance
values. As expected, B. paranthracis was more prevalent in “Mammals”
(n = 691; 28.0%) and “Human” (n = 404; 16.4%) associated samples
(Fig. S1), accounting for nearly half of the highly abundant samples. The
high abundance in these samples suggests that B. paranthracis members
can locally outcompete their neighbors, indicating adaptability and
competitiveness in corresponding habitats (von Meijenfeldt et al.,
2023). The presence and relative abundance of B. paranthracis indicate a
preference for host-associated habitats. Indeed, this species contains a
considerable number of clinical isolates (Table S3) and is considered to
constitute a species hosting an overweight of human pathogenic strains.

3.2. Selection of high-quality representative genomes

To determine the evolutionary relationships among these genomes,
we constructed a phylogenetic tree based on SNPs in 1501 single-copy
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Fig. 1. Biogeographic distribution and relative abundance profiles of B. paranthracis. A. Global distribution of B. paranthracis. The map displays colored circles
representing the biogeographical origins of the collected samples, each isolated from distinct environments. Only amplicon samples with B. paranthracis 16S rRNA
sequences exhibiting >99% identity and at least three mapped reads were included in this analysis. The color scheme corresponds to the environmental categories
from which the samples were obtained. B. Environmental percentage of amplicon samples from various environments. C. Relative abundance of B. paranthracis 16S

rRNA sequences within different environmental categories.

core gene families, which were shared by 242 high-quality
B. paranthracis genomes (Fig. S2) and 21 reference genomes of other
proposed species within the B. cereus group (Carroll et al., 2022). The
core genome tree (Fig. 2A) revealed that the closest species to
B. paranthracis is Bacillus pacificus (strain anQ-h4). The B. paranthracis
members formed a monophyletic clade and then fell into four major
intraspecific genetic populations based on the STRUCTURE analysis
(Fig. 2A). The ANI values derived from comparisons between
B. paranthracis and other B. cereus group species ranged from 80.3 +
0.1% (B. manliponensis) to 96.0 + 0.1% (B. pacificus), aligning well with
the proposed 96% threshold for species delineation within the B. cereus
group (Y. Liu et al., 2017) (Fig. 2A). B. paranthracis members presented
high ANI values, averaging 98.2 + 1.0% among themselves (Fig. 2A).
Based on these findings, we selected 242 validated B. paranthracis ge-
nomes for further genomic analysis. On average, B. paranthracis mem-
bers have a genome size of 5472.8 + 235.3 kb, comprising 5568.2 +
271.6 protein-coding genes, 79.6 + 29.7 tRNAs, and 13.8 + 12.4 rRNAs
(Fig. 2B). The variations in genome components among these
B. paranthracis genomes reflect a degree of genetic heterogeneity. The
GC content of the B. paranthracis genome showed minor variation, with
an average value of 35.3 &+ 0.002%. Geographically, these strains were
isolated across 21 countries globally between 1972 and 2022,

predominantly in the last decade, representing geographic and temporal
diversities (Fig. 2C, Fig. S3A, and Table S3).

However, our dataset includes numerous genomes with a high de-
gree of genomic similarity. For example, many members of population 3
share high ANI values and form a clade with exceedingly short branch
lengths. The presence of these redundant strains could introduce bias in
pan-genome analysis (Chan et al., 2015)(Du et al., 2023), particularly
for determining strain-specific gene content (Wu et al., 2021; Yang and
Gao, 2022). To mitigate this bias, we constructed a high-quality pan--
genome for B. paranthracis by selecting representative genomes and
excluding redundant genomes with ANI values > 99.8%. As a result, we
retained a total of 80 high-quality representative genomes, which
maintained the majority of the geographic and temporal diversity
(Fig. S3B and Fig. S3C).

3.3. High-quality B. paranthracis pan-genome reveals extensive genetic
diversity and differential functional enrichment

The representative dataset resulted in a high-quality pan-genome of
B. paranthracis, comprising 14,095 homologous gene families (Fig. 3A
and Table S4). Among these, 3645 found in all the genomes constitute
the core genome, accounting for 25.9% of the pan-genome; 6094 present
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Fig. 2. Genetic relatedness of B. paranthracis among the Bacillus cereus group. A. Core genome phylogeny. The maximum likelihood (ML) tree was constructed
via single-nucleotide polymorphisms (SNPs) across 1501 single-copy core gene families shared by 263 Bacillus sp. genomes. Adjacent to the tree, colored blocks
represent the genetic clusters inferred via STRUCTURE, whereas the accompanying heatmap displays pairwise average nucleotide identities (ANI). B. Overview of the
genomic characteristics of 242 B. paranthracis genomes. The violin plots illustrate the distribution of genomic features, with centerlines representing the medians,
violin edges marking the 25th and 75th percentiles, and whiskers extending to 1.5 times the interquartile range. C. Geographic distribution map of 242 B. paranthracis
strains. The colored blocks reflect the number of strains isolated from different countries and regions.

at least two but not all B. paranthracis genomes make up the accessory
genome, forming the largest portion at 43.2% of the pan-genome; and
the remaining 4356 genes (30.9%), which are unique to individual ge-
nomes, represent the strain-specific gene content (Fig. 3A). In the core
genome, 3122 represent single-copy core gene families, with the
remaining 523 existing in multiple copies. In the individual genomes,
the accessory gene families varied in size from 1222 to 2326, averaging
1781.2 £ 207.1 gene families. The strain-specific genes range from 11 to
336 genes, with an average of 54.5 + 54.3 genes. The variable gene
contents of the genome compositions exhibit a high level of divergence.
Most variable (non-core) gene families are not widely distributed (<2
genomes), which is likely facilitated by the exclusion of redundant ge-
nomes (Yang and Gao, 2022) (Fig. S4A). The core and pan-genome
curves revealed a steady increase in pan-genome size with each addi-
tional genome, whereas the core genome size decreased (Fig. 3B).
Heaps’ power law function (n = «N") is used to determine whether a
pan-genome is open (y > 0) or closed (y < 0) (Tettelin et al., 2008). The
growth exponent value (y) for the pan-genome curve is 0.253, indicating
that B. paranthracis has an open pan-genome. Notably, the exclusion of
strain-specific genes results in a plateau in the pan-genome accumula-
tion curve, suggesting that most undiscovered genes occur in individual
genomes.

To elucidate the role of variable gene families in pan-genome ar-
chitecture dynamics, we constructed and compared phylogenetic trees
for both the core and pan-genome. The core genome tree was generated
using SNPs from 3122 single-copy core gene families, and the pan-
genome tree was constructed based on the presence/absence of non-
core gene families. As shown in Fig. 3C, the phylogenetic positions of
more than half of the B. paranthracis strains were congruent between the

two trees. However, the remaining strains presented discordances in
their phylogenetic positions and branching orders. The discordances are
also quantified by a high nRF score of 0.720, where a score closer to
0 (ranging from O to 1) suggests greater congruence between the two
trees (Bogdanowicz et al., 2012). Additionally, the Neighbor-Net pan--
genome tree revealed a reticular network indicative of substantial ho-
mologous recombination and HGT (Fig. S4B). This obscured some
aspects of phylogenetic inertia (core genome tree: Fig. 3C), and led to a
variable non-core gene repertoire. The microbial genome size is known
to vary and is correlated with different habitats (von Meijenfeldt et al.,
2023). Consistent with this, B. paranthracis, as a generalist in habitats
with high local diversity, presents an open pan-genome with notable
genetic diversity, particularly within individual genomes.

We compared the predicted biological functions of each component
in the pan-genome using the COG annotation. Owing to the limited
functional studies, 5787 (41.1%) gene families lacked COG functional
annotation, categorized as “HP: Hypothetical proteins”, which are pre-
dominantly found in the accessory genome and strain-specific gene
content (Fig. 4A). Core genome enrichment was observed for genes
related to “J: Translation, ribosomal structure and biogenesis” as well as
metabolism categories such as energy production and conversion, amino
acid, nucleotide, coenzyme, and inorganic ion metabolism [COG-J, -C,
-E, -H, and -P: Fisher’s exact test, P-value <0.01; COG-F: Fisher’s exact
test, P-value <0.05]. These essential genes enable B. paranthracis to
efficiently take up nutrients from the environment and maintain a basic
lifestyle. The accessory genome is mainly responsible for transcription,
replication, recombination, repair, defense mechanisms, and cell wall
functions [COG-K, -L, and -M: Fisher’s exact test, P-value <0.01; COG-V:
Fisher’s exact test, P-value <0.05]. The strain-specific genes are notably
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involved in “L: Replication, recombination and repair” [Fisher’s exact
test, P-value <0.05] and “S: Function unknown” [Fisher’s exact test, P-
value <0.01]. Both the accessory genome and strain-specific genes are
enriched in gene families associated with replication, recombination,
and DNA repair, underscoring the mechanisms that sustain an open pan-
genome. This finding also highlights the significant role of genetic
recombination in the evolutionary dynamics of the B. paranthracis pan-
genome. Considering the importance of the non-core genome for
ecological adaptation (Azarian et al., 2020), individually distributed
genes of unknown function may contribute to the ecological diversifi-
cation of B. paranthracis strains, and their biological functions warrant
further investigation.

3.4. Distinct purifying selection across pan-genome components and a
low-cost evolutionary strategy: prevalent positively selected mutations in
the core genome

Evolutionary dynamics for bacterial adaptation are dominated by

natural selection, as many bacterial species have large effective popu-
lation sizes (N.), which increases the efficacy of selection (Arnold et al.,
2022). We calculated the dN/dS via a codon-level analysis of natural
selection across 7944 orthologous families, encompassing 3645 core and
4299 accessory gene families present in at least four genomes. Most gene
families presented low dN/dS values, with an average of 0.214 + 0.228,
indicating predominant purifying or stabilizing selection in the
B. paranthracis pan-genome. Selective signatures differ between the core
and the accessory genomes. The core gene families presented a signifi-
cantly lower average dN/dS value of 0.149 + 0.132 than the accessory
gene families (0.274 + 0.276) [t-test, P < 0.01], highlighting the distinct
degree of purifying selection between the core and accessory genomes
(Fig. 4B). Significantly stronger purifying constraints were observed for
the core gene families across most functional categories and HP, with the
exception of the COG-H “Coenzyme transport and metabolism”
(Fig. 4C). A total of 60 gene families presented dN/dS values exceeding
one, indicating positive selection. Most of them (n = 50) are accessory
gene families, whereas only three are core gene families; the functions of
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the majority of these gene families remain unknown (COG-S and HP)
(Fig. 4D). As expected, the core genome is more conserved than the
accessory genome because of stronger purifying selection. Compared
with the corresponding core genomes, microbial accessory genomes,
which harbor more mobile genes, are subjected to vastly different se-
lective pressures (Castillo-Ramirez et al., 2011; Bohlin et al., 2017).
Some accessory gene families exhibit high dN/dS values due to positive
selection, potentially undergoing adaptive changes as they are not yet at
the peak of their fitness landscape for niche specialization (Azarian
et al., 2020).

Despite the entire coding regions of gene families being under pur-
ifying selection, we observed numerous codon sites with significant
evidence of positive selection (posterior probability >0.9) within pan-
gene families. A total of 3466 gene families were found to contain one

or more such codon sites. Among these, 1945 (56.1%) are core gene
families, whereas the remaining 1521 (43.5%) are accessory gene fam-
ilies. Interestingly, even though the entire coding region has undergone
stronger purifying selection, core gene families are more likely to harbor
positively selected sites than accessory gene families (1945 out of 3645
versus 1521 out of 4299) [Chi-squared test, XZ = 258.6,df =1,p <
0.0001] (Fig. 4E). This finding implies that conserved proteins have
undergone evolutionary modifications at the residue level. The resulting
functional shifts in core genes might provide new ecological opportu-
nities, potentially triggering phenotypic modifications or niche parti-
tioning. Furthermore, core gene families with positively selected sites
were significantly associated with COG-V, -E, and -G [COG-E: Fisher’s
exact test, P-value <0.01; COG-V and -G: Fisher’s exact test, P-value
<0.05] (Fig. 4F). Indeed, adaptive changes in metabolism categories
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(COG-E and -G) are typically correlated with the colonization of diverse
ecological niches (Goyal, 2018)(Cummins et al., 2022).

Generally, purifying selection on core gene families, the backbones
of bacterial genomes, is crucial for maintaining the basic functions of a
species. In contrast, flexible gene content is primarily implicated in
niche-specific adaptations (Brockhurst et al., 2019)(Chattopadhyay
et al., 2009). However, the costs of HGT, such as genome disruption,
cytotoxic effects, energy costs, and the risk of disrupting intracellular
interactions, cannot be ignored, particularly in the core genome
(Baltrus, 2013). Thus, it can be inferred that a low-cost/compensatory
strategy is employed by B. paranthracis, which could influence its
ecological diversification and fitness. In this strategy, mutations poten-
tially driven by positive selection fine-tune the core properties, partic-
ularly their metabolic capabilities.

3.5. HGT from distant Bacillaceae relatives reflects B. paranthracis
adaptation to terrestrial habitats

HGT is a fundamental part of bacterial evolution, providing raw
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material for natural selection (Arnold et al., 2022)(Koonin and Wolf,
2008). In the B. paranthracis pan-genome, we identified 790 horizontally
transferred gene families originating from distant taxonomic groups,
including 342 (43.3%; 275.9 + 4.7 per genome) core, 356 (45.1%; 110.2
+ 13.8 per genome) accessory, and 92 (11.7%; 1.2 + 2.0 per genome)
strain-specific genes (Fig. 5A). Notably, nearly half of these gene fam-
ilies represent core genome. High rates of genetic exchange within the
core genome are recognized as crucial for the adaptive evolution of
bacteria with global populations in response to selection pressures
(Everitt et al., 2014)(Preska Steinberg et al., 2022). Thus, these gene
families might contribute to the core properties of B. paranthracis for
adaptive evolution. Furthermore, these gene families experienced
significantly stronger purifying selection, with average dN/dS values of
0.155 + 0.126, which are lower than the pan-genome-wide average
dN/dS value of 0.214 + 0.228 [t-test, P < 0.01] (Fig. 5B). Among these,
stronger evolutionary constraints are observed in the horizontally
transferred core gene families (average dN/dS = 0.128 + 0.085) than in
the accessory genome (average dN/dS = 0.188 + 0.158) (Fig. 5B).
Recently transferred genes often evolve rapidly and are quickly lost if
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their fitness is reduced. Conversely, if they offer selective advantages for
niche adaptation, they may be retained for longer periods (Hao and
Golding, 2006). The dominant purifying selection acting on the hori-
zontally transferred gene families in the B. paranthracis pan-genome may
indicate that these acquired genes have already been purged with
fitness-decreasing mutations before being transferred into
B. paranthracis (Castillo-Ramirez et al., 2011). The retained genes that
have undergone stronger purifying selection might play important roles
in adaptive evolution and speciation. For example, in rhizobial bacteria,
HGT and purifying selection appear to be particularly strong in genes
associated with their symbiosis, which is beneficial for their adaptation
to the host environment (Epstein and Tiffin, 2021).

The horizontally transferred gene families were significantly
enriched in COG-V (n = 47; 5.9%) and -P (n = 105; 13.3%) [Fisher’s
exact test, P-value <0.01] (Fig. 5C). Genes within COG-V (defense
mechanisms) have been reported to be predominant in bacterial
genomic islands, which are frequently mediated by HGT (Merkl, 2006).
The COG-P (inorganic ion transport and metabolism) category is
thought to influence bacterial fitness in soil and liquid environments
(Morales et al., 2023). Biogeographic characterization indicated that
B. paranthracis is widely distributed across terrestrial and aquatic sam-
ples (Fig. 1A). Ecology is a principal determinant of HGT (Smiillie et al.,

A

MRCA 111 pZi)

(6000) - yrig
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2011), with gene transfer limited by ecological opportunity and the
habitats occupied by the recipient species. Therefore, B. paranthracis has
an increased capacity for inorganic ion transport and metabolism
through HGT. A total of 29 potential HGT donor bacterial families were
identified, with Bacillaceae (311.4 4 13.7) and Paenibacillaceae (49.2
+ 3.1) being the most common (Fig. 5D). Gene transfer requires close
physical proximity of microbes, so HGT is likely most efficient between
immediate neighbor isolates from the same niche location (Babic et al.,
2011). Bacterial habitat preferences are phylogenetically predetermined
(Konstantinidis and Tiedje, 2005), which means that bacterial species
from the same genus or multiple closely related genera tend to share
more genes. Since B. paranthracis belongs to the Bacillaceae (Bacillus
genus), the co-occurrence of B. paranthracis with distant members from
other genera of Bacillaceae and Paenibacillaceae in the same habitats
increases the efficiency of HGT.

3.6. Gene loss as the dominant evolutionary process shaping B.
paranthracis pan-genome evolution

To gain insight into the evolutionary dynamics of B. paranthracis pan-

genome evolution, we determined the gained and lost gene families for
each evolutionary node and branch on the core genome tree. The
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genome of the most recent common ancestor (MRCA) of B. paranthracis
is inferred to contain 6000 protein-coding genes, which exceeds the
average of 5568.2 + 271.6 per genome among extant species. This
suggests a significant reduction in genome size over time. We identified
2878 changed/evolving gene families that experienced gain and/or loss
events, including 2386 lost and 1441 gained gene families (Fig. 6A).
Notably, 522 core gene families experienced gain events, accounting for
nearly all multiple copies in the core genome (522 out of 523). On
average, each node/branch on the phylogenetic tree presented 30.1 +
41.0 gains and 208.4 + 196.5 losses, indicating that gene loss is the
dominant evolutionary process for B. paranthracis [t-test, P < 0.01]
(Fig. S5). Furthermore, we observed a greater frequency of gene gain
and loss events at the tips of the tree than at the tips of the internal
branches, highlighting individual-specific evolution (Fig. 6A). The loss
of dispensable genes in free-living organisms can provide a selective
advantage by conserving limiting resources in the microbial community
(Morris et al., 2012). Overall, we infer that B. paranthracis individuals
have adopted a genome streamlining strategy to adapt to diverse envi-
ronmental conditions.

In the B. paranthracis pan-genome, these changed gene families
generally presented significantly weaker evolutionary constraints, as
indicated by higher average dN/dS values of 0.239 + 0.214 than the
pan-genome-wide average of 0.214 + 0.228 [t-test, P < 0.01] (Fig. 6B).
Notably, the lost gene families presented significant signatures of
weaker evolutionary constraints, with average dN/dS values of 0.253 +
0.227 [t-test, P < 0.01], whereas the gained gene families did not
(average dN/dS = 0.212 + 0.145; [t-test, P = 0.61]) (Fig. 6B). Positive
selection was observed in 20 lost gene families, in contrast to only one
gained gene family. Generally, relaxed purifying selection and positive
selection can lead to the accumulation of deleterious mutations,
resulting in ongoing losses of genes and functions. Natural selection
appears to be the primary driver of adaptive gene loss in the
B. paranthracis pan-genome. The prevailing view is that increased mu-
tation rates can increase adaptive capacity but may also lead to gene
loss, thereby promoting genome reduction in prokaryotes (Taddei et al.,
1997)(Bourguignon et al., 2020). Consequently, B. paranthracis may
shed costly, dispensable genes in leaky environments to increase fitness.

3.7. Functional enrichment of gained and lost gene families reveals
functional changes for adaptive evolution

The functional properties of the changed gene families were signif-
icantly associated with COG-K and -Q [Fisher’s exact test, P-value
<0.01]. The gained gene families were significantly enriched in COG-L
[Fisher’s exact test, P-value <0.01] and -V [Fisher’s exact test, P-value
<0.05] (Fig. 6C). Moreover, we detected significant enrichment of
positively selected sites and HGT events within the COG-V category.
These findings are consistent with those of Rasigade et al.’s study, which
revealed that recombination and positive selection signatures across
genes are involved in defense mechanisms, especially those for AMR,
indicating the host adaptation of pathogenic B. cereus group members
(Rasigade et al., 2018).

Gene losses were significantly enriched in COG-K [Fisher’s exact test,
P-value <0.01], -L, and -Q [Fisher’s exact test, P-value <0.05] (Fig. 6C),
indicating a reduced requirement for these biological functions. The
expression of dispensable genes associated with core cellular functions
such as transcription (COG-K) and translation can be highly toxic (Sorek
et al., 2007)(Szabova et al., 2011), making them likely candidates for
rapid loss (Brockhurst et al., 2019). As a result, the enrichment of COG-K
within the accessory genome of B. paranthracis and other microorgan-
isms (Fig. 4A) (Zhong et al., 2018; Zhong et al., 2019) reflected an
adaptive response of core cellular functions to diverse environments.
The gene families related to DNA replication, recombination, and repair
(COG-L) were significantly enriched in both the gained and the lost gene
families. The variability of these genes is likely crucial for the adaptive
plasticity of the B. paranthracis genome, allowing different isolates to
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adjust their recombination and mutation rates. Specific ensembles of
BGCs related to secondary metabolites in soil bacteria often reflect
environmental factors more closely than phylogenetic factors do
because of niche-driven selective pressure on BGC retention (Sharrar
et al.,, 2020). Genomic changes in BGCs through gene losses within
COG-Q may indicate the adaptation of B. paranthracis individuals to
specialized niches. The following sections explore the genetic reper-
toires associated with key biological processes in the B. paranthracis
pan-genome, providing in-depth insights into the dynamics of adaptive
evolution.

3.8. Gene loss and dispersal of secondary metabolite BGCs in shaping
host-associated adaptation

Many soil microbes produce secondary metabolites through BGCs,
playing crucial ecological roles in their complex and heterogeneous
microenvironments (Sharrar et al., 2020). In the B. paranthracis
pan-genome, 199 putative BGCs across six classes were identified, with
an average of 2.488 + 3.543 BGCs per genome (Table S5 and Fig. 7A).
These BGCs were further classified into 42 homologous families via
BiG-SCAPE software (Navarro-Munoz et al., 2020). RiPPs and non-
ribosomal peptide synthetases (NRPSs) were the most abundant, with 95
and 43 BGCs across 23 and eight families, respectively (Fig. 7B). The
secondary metabolites produced by Bacillus spp. Are valuable for
biocontrol and plant growth promotion (Shen et al., 2023), indicating
the great potential of B. paranthracis isolates in agricultural and
biotechnological applications. All the BGC families, as non-core genetic
elements, were scattered throughout the B. paranthracis genomes
(Fig. 7A), with more than 85% (36 out of 42) of the families present in
fewer than 10 strains. Nine strains harbored more than eight BGCs,
whereas more than half of the strains (n = 52) lacked any detectable
BGCs. These results indicate a low level of conservation and significant
individual variation in secondary metabolite biosynthesis among
B. paranthracis strains. Ecological forces driving gene duplications, HGT,
gene loss and shuffling in bacteria lead to variations in the abundances
of secondary metabolite biosynthesis gene clusters in the prokaryotic
genome (Seshadri et al., 2022). In the B. paranthracis pan-genome, most
BGC families (39 out of 42) presented signatures of gene gain and loss,
with 262 gene families having experienced loss events and 218 having
experienced gain events. This result is consistent with previous findings
that gene loss predominates in B. paranthracis pan-genome evolution,
particularly regarding the substantial loss of secondary
metabolite-related genes (COG-Q) (Fig. 6C). Furthermore, the distribu-
tion profiles of most BGC families do not align with the phylogenetic
inertia of the core genome tree. For example, several widely distributed
BGC families, including RiPPs-125, RiPPs-492, NRPS-364, Terpene-495,
and Others-99, are absent in some distant genomes (Fig. 7A), suggesting
a convergent loss of secondary metabolism BGCs. We also found that five
strains (NCCP_15910, Sample59, AM31-17, ELWA-3_3298, and 7-27-S),
which were isolated from human samples, harbored a limited number of
BGCs (6, 5, 0, 0, and 0, respectively) (Table S3). Therefore, it can be
inferred that an evolutionary strategy in which the loss of secondary
metabolite biosynthesis genes may facilitate adaptation to
host-associated environments.

3.9. Diverse CAZymes-encoding genes in the paranthracis pan-genome

CAZymes in microbes play pivotal roles in complex carbohydrate
metabolism across diverse environments (H. Zhang et al., 2018). In the
B. paranthracis pan-genome, 8170 CAZyme-coding genes across 177
gene families were identified (Table S6). The majority of these gene
families (98, 55.4%) represented the accessory genome, and the
remaining 65 (36.7%) and 14 (7.9%) represented the core genome and
the strain-specific gene content, respectively (Fig. 7C). The identified
CAZymes included auxiliary activities (AAs), carbohydrate-binding
molecules (CBMs), carbohydrate esterases (CEs), glycoside hydrolases
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categories are represented by inner and outer rings, respectively.

(GHs), glycosyltransferases (GTs), and polysaccharide lyases (PLs), with
GTs and GHs being the most abundant classes (Fig. 7C). On average,
each genome contained 64.0 £ 0.7 core, 28.4 & 4.6 accessory, and 0.2
+ 0.5 strain-specific genes encoding 6.1 + 0.9 AAs, 6.6 + 0.6 CBMs,
18.7 + 1.3 CEs, 29.3 + 2.7 GHs, 40.3 + 3.1 GTs, and 0.0 + 0.2 PLs.
Among the non-core properties, the majority (75 out of 112) of
CAZyme-encoding gene families were present in 10 or fewer strains
(Fig. 7A), suggesting that individual variability in metabolic capability
may facilitate adaptation to specialized habitats. A total of 91
CAZyme-encoding gene families were inferred to originate from MRCA,
38 of which were affected by gene gain and loss (Fig. S6). This included
26 loss and 22 gain gene families, with the most abundant CAZyme
family being GT2. Notably, the GT2 family is involved in the synthesis of
bacterial cellulose (Stanisich and Stone, 2009), which constitutes a key
component of the extracellular matrix associated with biofilm formation
(Chen et al., 2021). Thus, the dynamic changes within the GT2 family
appear to reflect adaptive responses of B. paranthracis.

Previous studies have revealed that microorganisms have evolved
various strategies for secondary metabolite and CAZyme production,
enabling them to adapt to their specialized habitats (Otani et al., 2022)
(Yin et al., 2022). Moreover, the loss of costly and dispensable
CAZyme-encoding genes and secondary metabolite BGCs has been
recognized as a survival strategy among bacteria adopting
host-associated lifestyles (Ramzi et al., 2019)(Wang et al., 2022). Our
findings appear to reflect the special adaptation of B. paranthracis to
such environments, which aligns with the high relative abundance of
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B. paranthracis in host-associated samples.

3.10. Emerging AMR genes in the paranthracis pan-genome

The B. cereus group commonly exhibits resistance to penicillin and
other p-lactam antibiotics and has the capacity to develop resistance to
frequently used antibiotics, such as ciprofloxacin, cloxacillin, erythro-
mycin, tetracycline, and streptomycin (Citron and Appleman, 2006;
Fiedler et al., 2019). B. paranthracis isolates are resistant to several an-
tibiotics, including oxacillin, ampicillin, penicillin, and cephalosporin
(de Sousa, 2021). In the B. paranthracis pan-genome, 39 AMR genes
(including allelic variants) were identified, corresponding to resistance
to 18 antibiotic classes, including glycopeptide, phenicol, streptogra-
min, lincosamide, tetracycline, macrolide, and penam (Fig. 8A and B,
and Table S7). Four core genes are associated with resistance to fluo-
roquinolone (blt), diaminopyrimidine (dfrG), fosfomycin (fosB), and
rifamycin (rphB). Ten of the remaining AMR genes were present in more
than half of the B. paranthracis genomes, whereas 19 were found in fewer
than 10 genomes (Fig. 8A). These non-core AMR genes, which are
strain-specific, are likely acquired via mobile units. Plasmids play a key
role in microbial ecology and evolution by mediating the horizontal
transfer of important genes, especially AMR genes (Andreopoulos et al.,
2022). Plasmid nucleotide sequences were detected in 93.4% (226 out of
242) of the B. paranthracis genomes (Table S8), indicating that this
species is rich in plasmids. Eleven AMR genes, including aadK, bcll, fosB,
vanY,, vanZy, ugd, berC, Acla ACT CHL, tet(45), and tet(L), were located
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on the detected plasmids (Fig. 8A). These genes driven by
plasmid-mediated HGT may promote the development of antibiotic
resistance in specialized niches of B. paranthracis.

In the B. paranthracis genome, several van genes related to vanco-
mycin resistance are widely present, including vanR (80 out of 80), vanS
(80 out of 80), vanY (80 out of 80), and vanZ (62 out of 80). However,
the absence of vanH, vanA and vanX indicates that the B. paranthracis
members remain sensitive to vancomycin, as the full complement of
seven genes is necessary for vancomycin resistance (Pootoolal et al.,
2002). We identified four variant types of van genes: vanA (vanRg,
vanSa, vanYy, and vanZ,), vanB (vanRp, vanSg, vanYp, and vanZg), vanF
(vanRr and vanSg), and vanM (vanRy; and vanSyy). These variants have
sporadically integrated into the B. paranthracis genomes (Fig. 8A), sug-
gesting frequent acquisition of these variants from distant van gene
clusters. Therefore, emerging vancomycin-resistant B. paranthracis
strains may arise from the acquisition of van genes, which would result
in a complete gene cluster. Additionally, Bacillus sp. strains isolated from
humans or used as human probiotics have been reported to have a
significantly high capacity to acquire van genes (Sanders et al., 2010)
(Cui et al., 2020). The diverse van gene profiles within the B. paranthracis
pan-genome may reflect adaptations to host-associated environments,
highlighting the need for continued surveillance and research.
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3.11. Virulence-related genetic profile of the paranthracis pan-genome

Within the B. cereus group, B. anthracis, B. cereus, and B. thuringiensis
are well-studied members, each known for its pathogenicity. To provide
a comprehensive view of its pathogenic potential, we investigated the
virulence-related genetic profile of B. paranthracis. A conserved gene
cluster encoding a putative flagellar system was identified in all
B. paranthracis genomes (Fig. 8A). Flagella in B. cereus contribute to
motility, adherence, and toxin secretion (Senesi and Ghelardi, 2010)
(Enosi Tuipulotu et al., 2021). A total of 96 gene families matching
virulence genes listed in the PHI-base database from 24 different path-
ogens were identified (including Staphylococcus aureus, Bacillus cereus,
Listeria monocytogenes, Streptococcus suis, and B. anthracis) (Table S9 and
Fig. 8C). Of these, 72 (73.5%) were present in the majority (more than
70 out of 80) of the B. paranthracis genomes. Only one virulence gene
family (PHI:2356) was present in more than half of the genomes,
whereas 13 were found in fewer than 10 genomes (Fig. 8A). On average,
each genome contained 76.2 + 2.9 potential virulence-related genes.
Mutation experiments revealed that the predominant mutant phenotype
was “reduced virulence” (n = 74, 77.1%) (Table S9), implying that most
identified genes were associated with pathogenic potential. The identi-
fied virulence genes were associated mainly with various animal hosts,
including rodents (n = 51), moths (n = 17), and primates (n = 14), and
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were implicated in diseases such as skin infection, food poisoning, res-
piratory disease, listeriosis, diarrhea, and vomiting (Fig. 8C).

We also identified 27 additional gene families with homology to
known virulence genes in the VFDB and BTyper databases (Fig. 8A and
Table S10), including important virulence genes responsible for the
production of several exotoxins previously reported in B. cereus and
B. anthracis. The nhe operon (encoding nonhemolytic enterotoxin), alo
(encoding anthrolysin O), and sph (encoding sphingomyelinase) were
present in the core genome, whereas the cytK (encoding cytotoxin K), hbl
(encoding haemolysin BL), and ces (encoding cereulide) operons were
sporadically distributed, representing accessory gene families. As a po-
tential pathogen, B. paranthracis has been reported to cause bacteremia
and diarrhea and exhibit cytotoxicity in vitro and non-hemolytic
enterotoxicity (22)(23)(45). Given the presence of various virulence-
related genes in the B. paranthracis pan-genome, the safety of this spe-
cies for use as probiotic or plant-growth promoting bacteria in
biotechnological and agricultural applications requires further
evaluation.

3.12. Emerging virulence genes driven by HGT, especially plasmid-
mediated HGT

A total of 10 virulence genes were identified on plasmids, with four
genes (PHI:3005, PHI:9519, PHI:5257, and PHI:4077) found in both the
chromosomes and plasmids of multiple individual genomes (Fig. 8A),
suggesting acquisition through plasmid-mediated HGT. Similarly, the
ces operon was found in the plasmid regions of three distinct genomes.
This operon, which is responsible for cereulide synthesis, is located on
mega virulence plasmids in the emetic B. cereus (Ehling-Schulz et al.,
2006). Furthermore, strain UMTAT18 contained a complete petrobactin
biosynthesis operon (asbABCDEF), which was highly homologous to that
of B. anthracis Sterne, with 89.7%-95.7% protein sequence identity and
identical gene locus organization (Fig. 8D). As an iron-scavenging
siderophore, petrobactin is required for growth in macrophages and
virulence in mice for B. anthracis Sterne (Cendrowski et al., 2004). It also
protects cells against oxidative stress and enhances sporulation effi-
ciency in bovine blood (Hagan et al., 2018). Significant homologs and
identical genetic organizations were also observed in the hbl and cap
operons (Fig. 8D). The hbl operon in B. cereus encodes a pore-forming
toxin that possesses hemolytic, cytotoxic, dermonecrotic, and vascular
permeability activities (Beecher et al., 1995). The cap operon located on
the B. anthracis plasmid encodes membrane associated enzymes that are
essential for immune modulation, antiphagocytosis, systemic invasion,
and dissemination within the bloodstream (Candela and Fouet, 2005)
(Jang et al., 2011). The occurrence of these virulence-related genes/o-
perons likely arises from HGT, especially plasmid-mediated HGT. Given
the results of the AMR genes, it can be inferred that plasmids may play a
significant role in the evolutionary dynamics of B. paranthracis, facili-
tating pathogenicity and adaptation to specialized host niches. This
finding aligns with previous studies indicating that the acquisition of
virulence plasmids is an evolutionary trait of many well-known patho-
gens within the B. cereus group, such as B. anthracis and B. thuringiensis
(Méric et al., 2018; Lee et al., 2022). Therefore, our results further
support evidence that B. paranthracis members may increase pathoge-
nicity and adapt to host niches by acquiring exogenous virulence and
AMR genes, thereby posing emerging threats to public health.

4. Conclusion

This study provides comprehensive insights into the biogeographic
distribution, pan-genome evolution, and genotypic profiles of key
properties of B. paranthracis, including secondary metabolism,
CAZymes, AMR, and virulence. Metagenomic read recruitment analyses
revealed that B. paranthracis members are globally distributed, with
specific abundances in host-associated samples, indicating that this
species is a niche generalist with specialized host adaptation. The open
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pan-genome, characterized by a flexible gene repertoire in the accessory
genome and strain-specific genes, exhibits extensive genetic diversity.
Significant differences in functional enrichment and natural selection
between the core and accessory genomes indicate distinct evolutionary
strategies among pan-genome components. Owing to its flexible func-
tion, the accessory genome results from massive adaptive gene losses
and gene gains through HGT and has experienced weak purifying se-
lection or positive selection. In contrast, the core genome of
B. paranthracis is more conserved and has experienced stronger purifying
selection, indicating a tendency to preserve essential biological func-
tions. However, we also found that the B. paranthracis core genome has
experienced gene gains, HGT, and a significant bias toward containing
positively selected mutations. Our results suggest that the core genome,
which is typically viewed as conserved, also plays a pivotal role in the
adaptive evolution of B. paranthracis.

Gene loss driving genome reduction represents a predominant
evolutionary scenario for B. paranthracis. The streamlining strategies,
which involve decreasing secondary metabolite BGCs and CAZymes-
encoding genes while acquiring AMR and virulence genes, reflect spe-
cial gene gain and loss patterns that facilitate adaptation to host-
associated habitats. This finding is consistent with our observation
that B. paranthracis has a high relative abundance in host-associated
samples. Furthermore, B. paranthracis genomes harbor diverse AMR
and virulence-related genes, highlighting their pathogenic potential.
HGT, especially through plasmids, drives the emergence of antibiotic
resistance and pathogenicity within the B. paranthracis pan-genome,
emphasizing the emerging public health risk of this foodborne pathogen.
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